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In the concluding part of the article on N eu-
trinos and our Sun we discuss the detection of
atmospheric neutrinos, their fluxes and zenith
angle distributions. Here too one finds discrep-
ancies with theoretical predictions. We discuss
how the idea of neutrino oscillations helps resolve
both the solar neutrino puzzle (discussed in Part
2) and the discrepancy observed in atmospheric
neutrino fluxes. This is followed by a discussion
of neutrino masses and the recent confirmation
of the neutrino oscillations in the KamLAND ex-
periment.
1. Atmospheric Neutrinos
Atmosphericneutrinosareproducedby interactionsof
high energycosmicray particles(protons,alpha parti-
cles,etc.) with air nucleileadingto the productionof
chargedmesons(pions,kaons,etc.) whichsubsequently
decayyieldingtwo typesof neutrinos:the electron-neu-
trino (Ve) and the muon-neutrino(vJ.L)(seeFigure 1).
The chainof reactionsmaybe summarisedasfollows:
proton+air- nucleus --->
7r:!:(K:!:) --->
{..l:!: --->
7r:!:(K:!:) + X
{..l:!:+ VJ.L(DJ.L)
e:!:+ ve(De) + DJ.L(VJ.L)'
whereX representsanythingelse. By simply counting
the twotypesoneexpectsthat themuon-typeneutrinos
shouldbe twiceasmanyasthe electron-typeneutrinos,
i.e., (vJ.L+ DJ.L)j(Ve+ De)=2. In reality,oneshouldtake
into accountthe lifetimedifferencesof pions,kaonsand
muons,as well as their energyspectra. Severalexperi-
mentsarebeingcarriedout to study theseatmospheric
neutrinos.Atmosphericneutrinosaremuchlessabun-
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dantthan the solarneutrinos,but thesearehigh energy
neutrinosin the range rv 100MeV to rv 100GeV (in
comparison,the solar neutrinosare < 20 MeV), and
areeasilydetectedvia the charged-currentreactions:
ve(De)+ A ~ e-(e+)+ X,
v/L(D/L)+ A ~ 1-£-(1-£+)+ X,
whereA representsa targetnucleus.Besidesdetecting
electronsand muons as the final productsof neutrino
interactions,detectorsalsomeasurethe angulardistri-
butions of theseparticles,called zenith angulardistri-
bution, which tell us the original directionof the neu-
trinos. Two important experimentalresults from the
Super-Kamiokande(SK) detectorare summarisedbe-
low.
Measurement of R = (VI£/Ve)Data:The overallun-(vl£/ve)MC
certaintyof the calculatedatmosphericneutrinofluxes
of v/L and Ve are as large as 20 - 30%. In orderto
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Figure 1. Schematicdia-
gramofcosmicrayinterac-
tionwithanair-nucleus.Pri-
marycosmicrayparticles
consistof -80%protons,
-9%alphas,-8%neutrons,
a fewpercentof electrons
andheavynuclei.Mostof
theparticlesatthesealevel
aremuonsandneutrinos.
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minimisetheuncertainties,onemeasuresthe doublera-
tio R which is the ratio of {Vp./Ve)Dataand (Vp./Ve)MC
whereMC f?tandsfor MonteCarlo simulation,and Data
refersto the experimentalratio. The expectedvalueof
R is unity. The measurementsof R basedon 1489days
of the runningof the SK experimentfor fully contained
eventsin the detectorare:
R =0.64:!:0.02(stat) :!:0.05(syst) (sub-GeV),
R = 0.66:!:0.03(stat):!:0.08(syst)(multi-GeV),
wheresub-GeV refersto thoseeventswherethe visible.
energyin thedetectorwas < 1.33GeV, andmulti-GeV
for thoseeventswith visibleenergy> 1.33GeV; stat
standsfor statistical error and syst for systematicer-
ror. The valueof R is significantlydifferentfrom unity,
therebybringing out the discrepancybetweenthe ob-
servedand the predictedatmosphericneutrino fluxes.
The existenceof this anomalywas also confirmedby
otherexperiments:1MB, Soudanand MACRO.
Zenith Angle Distributions: Distancestravelledby
neutrinosbeforethey reach the detectorvary signifi-
cantly with the zenith angle, (seeFigure 2). For ex-
ample,theneutrinoscomingverticallydowntravelonly
rv 15km (zenithanglee = 00),theneutrinoscoming
fromthehorizontaldirectiontravel rv 500km (zenith
anglee= 900),andtheneutrinosreachingthedetector
frombelowtheearthtravel rv 13,000km (zenithangle
e = 1800).The zenithangledistributionsof eventsini-
tiated by Ve are calledelectron-likeevents,and those
by vp. are calledmuon-likeevents. Experimentalre-
sults aredisplayedas a functionof cose in Figure 3.
They havebeenfurthersubdividedinto two categories:
sub-GeV and multi-GeV as explainedabove.The solid
linesreferto MonteCarlopredictions.Oneseesfromthe
figurethat theelectron-likeeventsagreeverywell with
the MC predictionsfor both the.sub-GeV and multi-
GeV samples,while the muon-lik~,eventsshow strong
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deficiencyof eventswith respectto the MC predictions
which are zenith angledependent.For the multi-GeV
muonevents,the discrepancyis strongerfor zenithan-
glesbetween90 and 180degrees(-1 < cos()< 0, that
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Figure 2. Schematicdia-
gramof neutrinoshitting
Super-Kamiokandedetec-
toratdifferentzenithang-
les; forexample: atcos lJ:=1
neutrinoswillcrossabout
15km of theatmosphere
andatcos8=-1neutrinos
willenterthedetectorf om
belowby crossingabout
13000kmofearth.
Figure3.Zenithangledis-
tributionsofe-like andp-
likeeventsforsub-GeV(vis-
ibleenergy<1.3GeV)and
multi-GeV(visibleenergy
>1.3GeV)datasets. The
solidhistogramshowthe
MonteCarloexpectationfor
no oscillation,while the
dashedhistogramsreferto
thebestfitwithoscillation
(~m2=3x10-3eVZ).Adapted
fromHSobel,Hucl.Phys.B
(Proc.Suppl.)Vol.92,p.127,
2001.
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1Neutrinomasses:Sofarthere
is no direct evidenceof non-
zero neutrinomass fromlabo-
ratoryexperiments.Upper lim-
its on neutrino masses have
been obtained from kinematic
considerationsand are as fol-
lows: m(v) <2eV.m(v)<0.17
MeV, m (v,) <15.5MeV. These
upper limits have been ob-
tained from kinematicalstud-
iesoftheparticlesproducedin
the following reactions:
H3~He3+e- + ve'1t'"~f.J++vp
and T~ 47r+v.,
is for neutrinoswith.largerpathlengthsbetween500and
13,000km), while for the sub-GeV muons one seesa
deficitof muonsfor all zenithangles.Thus the SK data
demonstratea strongevidencefor zenith angledepen-)
dent deficiencyof muonneutrinos.
2. Neutrino Oscillation Hypothesis
Vacuum oscillation: Earlier wehaddescribedtheso-
lar neutrinoexperimentswhich indicatedthat the elec-
tron-neutrinosfrom the sun are measuredto be fewer
than arepredictedby thestandardsolarmodel,andex-
perimentswith the atmosphericneutrinosdemonstrate
that thereis a depletionof atmosphericmuon-neutrinos
while there is no depletionof electron-neutrinos.One
possibleexplanationfor theobservedsolarneutrinodefi-
cit is that the Ve (electron-neutrino)producedin the
centreof the sun could convertitself to anothertype,
Le., Ve-t vx,with x = j.£or T, during its passageto the
earthvia a processcalledneutrinooscillation.Similarly,
the atmosphericmuon-neutrinodeficitcould be due to
the conversionof vp to VT' The possibility of neu-
trino oscillation, a purely quantummechanicaleffect,
was conjecturedin 1958by B Pontecorvoand in 1962
by Z Maki, M Nakagawaand S Sakata. However,-neu-
trinos musthavesomemassfor oscillationsto occuri.
A simpleway to understandneutrino oscillationis in
terms of two-flavourmixing: for example,between Ve
and vfL' (We leaveout a discussionof the morecom-
plicatedthree-flavour,mixinghypothesis.).Let Oepbe
the Ve- vp mixingangle.If a neutrinowereproduced
as a Ve at the sourceand travelleda distanceL, the
probabilitythat it oscillatedinto a vp is givenby:
P(Ve -t vp) = sin220 S
.
.
2
(
1.27.D.m2.
L)
ep'ln.
:. Ev
(
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)
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A .sin2 T ;,
-
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where>. = 1.2~~m2actsasanoscillationlengthand
A =sin220elSas the amplitudeof oscillation; Llm2=
Im~- mil in ey2 measuresthesquareof themass-
differencebetweenthe neutrinos, Ell is the neutrino
energyin GeY, and L in km is the distanceof the de-
tectorfrom the neutrinosource.Basicallytherearetwo
variables: Llm2 and O.
Table1.ExpectedLlm2un-
dervacuumoscillationhy-
pothesis.
The followingpoints may be noted: (i) The ideal dis-
tanceof the detectorfrom the sourcefor observingthe
oscillationsis L =>'/2,so that sin2(11";) = 1. (ii)
Llm2 is dependenton (ElL); for small valuesof Llm2
oneneedssmall valuesfor (ElL) to seethe oscillations.
Th~ expectedvaluesof Llm2 from differentneutrino
soun:es-,aresummarisedin Table1.
MS W effect:Thereisanotherkindofoscillationcalled
theMikheyev-Smirnov-Wolfenstein(MSW)effectwhich
is a matter-enhancedneutrinooscillation;in this, the
conversionVe- Vx resultsfrominteractionbetween
Ve and solar electronsas the neutrinostravelfrom the
centreof the sun.
3. Confirmation of Solar Neutrino Oscillation
Sudbury Neutrino Observatory (SNO): The aim
of the SudburyNeutrino Observatoryis to measurethe
total neutrino flux of all threeflavours(ve,vIS'V7)from
the sun, unlike the previousdetectorswhereonemea-
sured only electron-neutrinDs.To accomplishthis the
SNO employsultra-pure heavywater (D20), and neu-
trino interactionswith deuteriumnucleiarestudied. It
RESONANCEI April 2004 ~ 13
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Neutrinosource NeutririoenergyE L mz(eVZ)
Solar 1-10MeV 108km 10-1°-10-11
Atmospheric 1-10GeV 10-104km 1-10-4
Reactor -4 MeV lkm -10-3
-4 MeV 100km - 10-5
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The aimof the
SudburyNeutrino
Observatoryisto
measurethetotal
neutrinofluxof all
threeflavours
(Ve' V, V) from theJl T
sun,unlikethe
previou$detectors
whereone
measuredonly
electron-neutrinos.
detectsboth thecharged-currentreaction(CC) whichis
sensitiveto electron-neutrino,and the neutral-current
reaction (NC) which is sensitiveto all the three neu-
trino flavours(ve,1IJ1.'liT)' The thresholdenergyfor the
neutrinoflux is 2.2 MeV (the bindingenergyof a deu-
terium nucleus)and it meansthat SNO measuresthe
B8 solar neutrinos (Ev < 14.6MeV). The reactions
studiedare:
lie + d - p + P + e- (CC)
lIx + d - p + n + lIx (NC) -
lIx + e- - lIx+ e- (ES)
,
wherethe index x refersto e, fJ, and T. The neutral
current (NC) is sensitiveto all the threeflavours. The
elasticscattering(ES) is sensitivefully to lie,but par-
tially to 1IJ.Land liT,
The main part of the SNO detectorconsistsof a 12-
metrediameteracrylic spherefilled with 1000tons of
heavywaterandsurroundedby about9500photomulti-
plier tubesto detectCerenkovphotonsgeneratedin the
heavywater.This lO-storey-talldetectoris locatediIi a
mine at a depthof about 2 km near Sudbury,Canada.
SNO startedoperationin November1999.Resultsbased
on the datacollectedup to May 2001,consistingof 306
activedata taking days,havebeenpublished. Figure 4
showsthe angulardistributionof events,wherethe an-
gle is definedas the Cerenkoveventdirectionfrom the
directionofthe sun (cosB0). A total of 2928eventswere
obtainedaftervariouscuts. Their resultsarepresented
belowin units of 106cm-2sec-l:
4>(lie) = 1.76::l:0.10
4>(1IJ.L+ liT) = 3.41::l:0.66
4>(lIe+ 1IJ.L+ liT) = 5.09::l:0.64.
For the first time a nOn-lie flux from the sun has'been
observ~ in the SNO neutral-curtentdata. The mea-
surementof the total flux of B8 neutrinosis thus
~14 RESONANCE I April '2004
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'(5.09::1::0.64)X 106cm-2sec-l andthis is in goodagree-
ment with the predictionof the standardsolar model
flux of (5.05~6:~Dx 106cm-2sec-l.
So for the first time wehavea directconfirmationthat
the solar electron-neutrinosare gettingconvertedinto
muon/tau neutrinos. This also implies that the stan-
dard solar model is correct and our understandingof
the energygenerationprocessin thesun is complete.
4. Neutrino Masses
Wediscussedtwotypesof neutrinoexperiments- one
to detect the solar.neutrinosand the other to detect
the atmosphericneutrinos. In the caseof solar neu-
trinos, we now have the confirmationfrom the SN0
data that the oscillationof electron-neutrinosto muon-
or tau-neutrinos is indeed taking place. This essen-
tially means that neutrinos are not massless. Using
theneutrinooscillationhypothesisseveralattemptshave
been madeto fit the solar neutrino as well as the at-
mosphericneutrino data. Making a global analysisof
the solarneutrinodata, thereareseveralsolutions,and
the two best solutions yield the valuesfor squareof
the mass-difference'~m;'l as rv' 6 X 10-5 eV2 or
rv 4 X 10-10eV2 for the MSW or vacuumsolutionre-
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Ffgure4.Distributionofthe
cosineof theangleof the
neutiino event direction
(measuredfromCerenkov
light) withrespectto the
directionofthesun.Monte
Carlopredictionsfor CC
(charged-cu"ent),ES(elec-
tron scattering)and NC
(neutralcu~nt)eventsare
also shown; the dashed
lineshowsthetotalsumof
expectedspectrum.Adap-
tedfromtheSNOcollabo-
ration[7J.
Solarelectron-
neutrinosare
gettingconverted
intomuon/tau
neutrinos.
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Neutrino source Remark~m2 Mixingangle
Solar
Solar
Atmospheric
I".J 6 X 10-5 ey2
I".J4 x 10-10ey2
I".J3 x 10-3 ey2
tan20 ~ 0.4
tan20 ~ 2.0
sin220 > 0.9
MSW solution
Vacuumsolution
Table2. Neutrinooscilla-
tionresults.
2 Resultsfrom K2K:K2Kstands
- for KEK to Kamioka long-
baseline neutrino oscillation
experiment.Theaim ofthis ex-
perimentistostudymuon-neu-
trino( v) oscillationfromneu-
trinos proj:Jucedin the labora-
tory with the explicit goal of
probingthe same L\m2region
as that explored with atmo-
spheric neutrinos.For this ex-
periment muon-neutrinosare
producedwitha mean energy
ofl.3 GeVbythe12GeVproton
accelerator at KEK, Japan.
These muon-neutrinosare di-
rected through the earth to-
wards the.Super-Kamiokande
underground neutrino detec-
tor, locatedabout250kmfrom
KEK.Data collectedfrom June
1999 to July 2001 yielded 56
neutrino events in the Super-
Kamiokande; the expected
numberof neutrinoeventswas
80. The observationof a clear
deficitof v eventsisconsistent
p
with the expectationfrom the,(
atmospheric neutrino oscilla-
tion results.The bestfit results
are: L\m2as2.8 x 10-3eV2,and
sin228 as 1.0,andconfirmsthe
results of atmosphericneutri-
nos.
spectively. Analysing the atmosphericneutrinos2one
gets ~m;tm as I".J 3x 10-3ey2.Thesevaluesaresum-
marisedin Table2. It isbe~ievedthatthesolarneutrinos
leadtotheoscillationof Ve--+vI-I.)whiletheatmospheric
neutrinosresult in the oscillationof vp.--+VT. This in-
dicatesthat two of theneutrinos(let us label themas 1
and 2) areverycloseto eachother in masswith ~m2
in therange I".J10-5 to 10-10 ey2, and the third one
(let us label it as3) is muchdifferentfromthe twowith
~m2of I".J 10-3 ey2. In otherwordsthefollowingtwo
scenariosare emerging:either mi ~ m~« m~,or
mi ~ m~» m~.
5. First Evidence for Reactor Antineutrino Os-
cillation
Kamioka Liquid Scintillator Anti-Neutrino De-
tector (KamLAND): TheaimoftheKamLAND de-.
tectoris to detectthefluxandenergyspectrumof low
energyantineutrinos(Ell < 7.5MeY)producedbya
clusterof Japanesecommercialnucleareactors,which
aresituatedtypicallyatanaveragedistanceofabout180
km.If theymeasuref werDe thanexpectedfromthe
standardpropagationf De fromthereactorstoKam-
LAND, thenthe oscillationof anti-neutrinosis seen.
KamLAND is expectedto seeoscillationsif ~m2 is
I".J10-5ey2 (seealsoTable1). The KamLAND detec-
tor, placedin a 1 km deepKamiokamine,consistsof
onektonofveryhighpurityliquidscintillator,whichis
keptin atransparentthinfilmballoonof13mdiameter.
Theballoonis housedin a 18mdiameterstainlessteel
containerwitha special2.5m thicklayerofmineraloil
~16 RESONANCEI April 2004
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in between,to shield the liquid\scintillatorfrom exter-
nal neutron and gammaradiation. TheJJdetectoruses
1879photomultipliertubes of 17 and 20 inch-diameter
mountedon the stainlesssteelcontainer.
~
The inverse f3 decayreactionis usedto detect De' in
liquid scintillator: De+P - e++n. Onedetectsboth
the positronand the delayed2.2M~Y gamma-raypho-
ton from neutroncaptureon aproton (samemethodol"7
ogy as~asusedby Reinesand Cowanin 1953to deteCt
neutrinos). Antineutrinos from uranium and thorIum
bet~.tec~ysins~de~hee~th ~~erejectedby selecting
antmeutrmoswIth energIeSlarger than 3.4 MeY. The
KamLAND collabo~ationhas reportedresultsbasedon
the data collectedbetweenMarch and October 2002.
They haveobserved~total of 54'events.They estimate
a backgroundof 1 eventThetotalnumberofevents
, , ., r .
expectedwas87.Th:q.s.theratioofobservedDe events
from the reactor, after subtractingthe background,to. ~~. ,
that expectedis: N~bslNexp= 0.611::f:0.094.A clear
evidencefor antineutrinoc4sappearanceis thus seenby
KamLAND.
The bestfit to theKamLAND datayields: ~m2 = 6.9x
10-5ey2 and sin22B= 1.0.This resultshouldbecom-
paredwith the 1/eoscillationasseenin solarneutrinos,
and it agreeswith the MSW solution. Thus one may
concludethe foll°'\\Tingtwo valuesfor ~m2 from re-
sults known so far fromreactor, solar and atmospheric
neutrinos:
~m2 rv 6 X 10-5 eV2 , (reactor+ solarneutrinos)
~m2r'v 3 x 10-3ey2 , (atmosphericneutrinos).
6. Summary and Future Outlook
- .
The building blqcksof matter8f3:¥Ve)understandtoday
consist,of six quarks,andsix leptpns.Ampngtheleptons
there are three chargedspeciesand threeneutralones
~ 17RESONANCE! ApriJ12.P.9.4
A clearevidence
forantineutrino
disappearanceis
seen.by
'lSamLAND.
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Neutrinooscillationis
a quantum
mechanicaleffect
statingthata
neutrinoproducedas
onekind(say.ve)has
a finiteprobabilityof
gettingconverted
intoanotherkind
(say,v) afterp
~vellinga certain
distance.
calledneutrinos: 1/e,1/p.and1/-r'We knowverylittle
aboutneutrinos,althoughthefirsthintoftheexistence
of neutrinosappearedmorethana hundredyearsago,
in thebeta-activityof nuclei.Neutrinosinteractwith
mattervia the weakinteraction.The understanding
of charge-currentandneutral-currentweak-interactions
camefromthestudiesbasedon neutrinosproducedin
highenergyparticleaccelerators.Till abouta decade
backneutrinoswerethoughtto be massless,.andthe
standardmodelofparticlephysicsassumedthemto be
so.Neutrinosarealsoproducedin largenumbersin our
sunduringenergygenerationthroughfusion;aboutsev-
entybillionneutrinospasseverycm2of theearthevery
second.Thesungeneratesonlyelectronneutrinos(1/e)'
R Davissetup a detectorat the Homestakeminein
1968,to detectsolarneutrinosandthedatacollected
overseveraldecadeshowedthattheneutrinofluxfrom
thesunfellshortbyafactorofthreewithrespecto the
besttheoreticalpredictions.Thisgaveriseto theSolar
Neutrino Puzzle. Duringthe1980'sand1990'several
newexperimentswerecommissioned,and in all cases
theobservedneutrinofluxwassignificantlylowerthan
theprediction.Oneofthenewexperiments,theSuper-
Kamiokande,cameout with anotheranomalyin the
atmosphericneutrinodata. The precisemeasurements
unambiguouslydemonstratedthat themuon-neutrinos
producedin theearth'satmospheregetdepletedin pas-
sagethroughlargedistancesofabout500to 13,000km
in theearth.
Thesetwoexperimentalobservationsledtotherevivalof
theideaof neutrinooscillations.Neutrinooscillations,
requiringfinitemassesof neutrinos,wereproposedin
theearly1960sbyPontecorvoandMakietal [2,3].Neu-
trinooscillationis a quantummechanicaIeffectstating
that a neutrinoproducedasonekind (say, 1/e)hasa
finiteprobabilityofgettingconvertedintoanotherkind
-Isay, 1/p.)aftertravellinga cert~ndistance.This idea
~
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is very recentlyconfirmedby the observationsmadeat
the SudburyNeutrino Observatory.
For the pioneeringneutrinoexperimentscarriedout at
Homestakeand at KamiokandejSuperkamiokande,the
Nobel Prize in Physics for 2002was awardedto Ray-
mondDavis Jr (USA) and MasatoshiKoshiba (Japan).
There arestill manythingsaboutneutrinosthatweneed
to kno;\\'.A fewof themare: individualneutrinomasses,
whetherneutrinosareMajoranaparticles(Vi=lIi) or
Dirac particles (Vi =1=lIi), what the mixing anglesare,
if neutrinosdecay,etc. There areseveralnewneutrino
experimentsunder constructronand someof them are
ready to take data. Someof the newexperimentsare:
(i) lip -+ liT oscillation: Severallong-baselineexper-
imentsareplannedwhereneutrinosof onetype will be
producedin high energyaccelerators(namelyat KEK,
CERN and Fermilab) and they will be focussedto dis-
tant detectors:at Kamiokawhich is 250km fromKEK
(K2K), at Gran Sassowhich is 730 km from CERN
(CNGS), and at Soudanwhichis 730km from Fermi-
lab (MINOS). The KEKto Kamioka experimenthas
alreadyreportedits first resultsof neutrinooscillation
and theyareseeinglessnumberof muon-neutrinosthan
expected,(ii) vp -+ ve: MiniBooNE experimentat Fer-
milab hasstartedtakingdata to look for oscillationsre-
portedby LSND. (iii) Many experimentsareplannedto
searchfor neutrinolessdouble-beta-decaywith anaimto
reachsensitivityin neutrinomassto: < mv >'" 10-2eV
in 5 years running period. Someof thesevery large
detectorsare: GENIUS with 1 ton of Ge76,MAJO-
RANA with 0.5 ton of Ge76,CUORE with 760 kg
of Te130,EXO with 1 ton of Xe136 and GEM with
1 ton of Ge76. (iv) Severalunderwaterju~dericehigh
energy ('" 1 reV) neutrino observatories(AMANDA,
NESTOR, ANTARES, IceCube,Baikal, etc.) ar'eunder
constructionjconsideration,and their aim is to observe
neutrinosfrom astrophysicalsources.
~
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Neutrinophysicscontinuesis to be a veryexcitingfield
and mayalsobring us newsurprises.
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